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ABSTRACT 


Time transfer equipment and techniques used with the NEIL 
Navigation Technology Satellites have been modified and 
extended for use with the GPS satellites. A prototype 
receiver was built and field tested at NASA's Kennedy 
Spaceflight Center. 

The receiver uses the GPS LI link at 1575 MHz with C/A 
code only to resolve a measured range to the satellite. 
A theoretical range is computed from the satellite 
ephemeris transmitted in the data message and the user's 
coordinates. Results of user Offset from GPS time are 
obtained by differencing the measured and theoretical 
ranges and applying calibration corrections. These 
results may be referenced to Naval Obsrvatory Time 
through published values of offsets of GPS Time from 
USNO Master Clock 1 . 

Results of the first field test evaluation of the 
receiver are presented. Measurements were made at NASA 
Goddard's MILA facility located in the Kennedy 
Spaceflight Center, Fla. Portable clock measurements 
were made for comparison, and all measurements were 
referenced to the Naval Observatory. 
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INTRODUCTION 


Present time synchronization techniques with the NASA laser 
network rely on K)RAN-G and portable clocks to provide very 
accurate time taking of laser ranging data. In applications 

where the data fran two or more stations will be merg^ to 
determine baselines for geodetic work and polar motion 
determinations, it is necessary that the clocks at the several 
stations be synchronized to within + 1 microsecond with respect to 
a master clock, such as that of the U.S. Naval Observatory (USNO). 
Best sg^chronization results using the lORAN-C system have been 
obtained from the West Coast chain at the Goldstone, California 
laser tracking station (MOBLAS 3)- Figure 1 shows the MQBIAS 3 
clock relative to the USNO Master Clock for the period of July 
1980 through June of 1981. The x's are phase difference 
measurements made throu^ K)RAN-C referenced to USNO, and the O's 
are the jhase measurements corrected for known offsets such that a 
linear least squares fit may be performed on the data. The 
standard deviation of the fit to this data shows a time 
synchronization of about a half a microsecond. 

MOBLAS 5 located in Yarragadee, Australia has obtained a 
synchronization of only four microseconds using the LORAN-C 
Northwest Pacific chain as evidenced by the data in figure 2. 
Direct reception of LORAN-C signals is not possible at this 
location, and uncertainties in the path length of bounced sigials 
cause large errors. In this instance MOBLAS 5 required frequent 
portable clock measxu'ements (also ^own in figure 2) to maintain 
microsecond synchronization. 

Time transfers by satellite have been performed by NASA Goddard 
Spaceflight Center (GSPC) and the Naval Research Laboratory 
(NRL) initially using the NRL Navigation Technology Satellites 
(NTS). (1,2) Accuracies of several hundred nanoseconds were 
obtained. (3) As an outgrowth of the NTS effort, a Time Transfer 
Receiver (TTR) which operates with the NAVSTAR Global Positioning 
^stem (GPS) satellites is presently being developed jointly by 
GSFC and NRL. GSPC will use the GPS TTR in the Laser Ranging 
Network. The network consists of eight mobile vans, a permanent 
installation at GSPC, and eventually four highly transportable 
laser systems. The laser systems will be deployed to various 
locations around the world (figures 3 and 4) and will be used in 
support of the NASA GSPC Crustal Eynamics Program. 

NAVSTAR GPS is a tri-service Department of Defense (DOD) 
program. (4) The first GPS satellite flown was NTS-II(5,6) which 
was designed and built by NRL personnel. GPS will provide the 
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eapability of very precise instantaneous navigation and transfer 
of time fran any point on-or-around the earth. At present six 
NAVSTAR satellites are on-orhit, providing instantaneous 
navigation over selected areas for limited parts of each day. 
This constellation is part of the GPS Phase I configuration. 
Additional space vehicles (SV) are to be launched during the next 
year. 

The major objective of a satellite time transfer receiver is to 
determine precise time differences between a given satellite and a 
local ground clock referenced to the TTR (figure 5)* Precise time 
can then be obtained between the S¥ aM a single remote ground 
station clock or between the SV and any number of remote stations. 
The remote sites can then be synchronized among themselves. 

THE NAVSTAR GLOBAL POSITIONING SYSTM (GPS) 

GPS is ccmprised of three segnents. The space segnent consists of 
a constellation of satellites for global coverage. (7) Phase III 
GPS will have a total of 24 satellites, eight in each of three 
orbital planes. The GPS orbits are near-circular at an altitude 
of approximately 10,000 nautical miles, inclined at 55 degrees to 
the equator. The period is adjusted such that a repeating ground 
trace is obtained for a given ground tracking station. Each 
satellite transmits its own identification and orbital information 
continuously. The GPS signal is spread spectrum in nature, fomed 
by adding the data to a direct sequence code which is then biphase 
modulated onto a carrier. 

The control segment consists of a master control station (MGS) and 
monitor stations (W) placed at various locations around the 
world. (8) The current Phase I MGS is located at Vandenberg Air 
Porce Base with the supporting monitor tracking stations at 
Alaska, Guam, Hawaii, and Vandenberg. The monitor stations collect 
data from each satellite and transmit to the MGS. The data is 
processed to determine the orbital characteristics of each 
satellite and the trajectory information is then uploaded to each 
satellite, once every 24 hours as the spacecraft passes over the 
MGS. 

The user segment consists of a variety of platforms containing GPS 
receivers which track the satellite signals and process the data 
to determine position. (9, 1 0) Goverage of the Phase III 
constellation is such that at least four satellites will always be 
in view frcm any point on the earth's surface. 


421 



TIME TEIMSPER METHOD 


To perform a satellite time transfer with GPS, pseudo-range 
measurements are made ttmt consist of the propa^tion delay in the 
signal pli;® the difference between the satellite clock and the 
ground station receiver reference clock. Data from the satellite 
is processed to obtain satellite position and satellite clock 
infonnation (offset from GPS time). The propagation delay is 
subtracted from the pseudo-range by knowing the exact locations of 
the satellite and the station. This difference is then corrected 
by the GPS time offset to determine the final result of ground 
station time relative to GPS time. The Phase I GPS time is 
normally maintained at the Vandenberg MGS using a cesium 
oscillator. The Phase III GPS time is planned to be referenced 
from the MGS to the TJ.S* Naval Ctoservatory (USNO) Master Glock. 
The final results obtained frcxn a sin^e- frequency receiver, such 
as the one described in this paper , will contain a mall error due 
to the ionospheric delay which may be modeled and corrected. 

GPS TIME TRANSFER REGEIVER (TTR) 

The GPS TTR is a microconputer based system irfiich was designed to 
replace existing receivers that formerly used the NTS satellites 
for time transfer. The design uses hardware and software from 
these receivers whenever possible. The following is a summary of 
the design requirements: 


A. GPS Signal Detection Gharacteristics 

1) Operates at the sin^e L1 frequency of 1575 MHz. 

2) Has sufficient bandwidth to track satellites 
throughout their doppler range from horizon to 
horizon. 

5) Uses only the course/acquisiton (G/A) code of 1.023 
MHz. 

4) Tracks the G/A code to within 3^ of a chip (30 
nanoseconds) . 

5) Tracks any GPS satellite by changing to the 
appropriate code. 

6) Detects and decodes the navigation data as required 
to determine a time transfer. 

B. Operational Gharacteristics 

1 ) Requires a stationary platform d'uring operation. 

2) Determines the time difference between the 1 pps 
input station reference and GPS system time. 
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3) Measiares the time difference once every six seconds. 

4) Ifes an EMS of le^ than 50 nanoseconds on the time 
difference measurements. 

5) Controls the operation of the receiver by inputs fran 
a keyboard, 

6) Outputs data to the CRT display and records on a 
flexible disc, 

C. Input Requirements 

1) Antenna position in WGS-72 coordinates. 

2) 1 pps fran the station time standard, 

3) 5 MHz from the station time standard. 


With these design requirements, the receiver block diagram in 
figure 6 was implemented. The following is a description of the 
major conponents shown in the diagram. 

RP Subsystem 

The RP subsystem provides carrier and code tracking capabilities 
for the GPS signal. It demodulates the data message into the 
non-return to zero (NRZ) format and provides the voltage 
controlled crystal oscillator (VCXO) frequency for coherent code 
generation. An external control voltage input to the VCXO is used 
for acquisition tuning. 

C/A Code Generator 

The C/A code generator accepts the code sequence of any GPS 
satellite from the microprocessor. It then derives the 1 .023 MHz 
C/A code from the VCXO frequency and outputs it to the RP 
subsystem for code tracking. A satellite time epoch is derived 
from the C/A code period and output for the time interval 
pseudc^range measurement . 

Time Interval Measurement 

A time interval counter is controlled by the microprocessor to 
measure the time difference between the satellite epoch and the 
station reference. This measurement occurs once every six seconds 
as eonmanded by the microprocessor. The time difference, which is 
pseudo-range, is output to the microprocessor for determining the 
time transfer. The time interval counter is also used to 
determine the VCXO frequency for tuning control. 
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l/O Terminal 


The receiver contains a CRT display with a keyboard and a dual 
flexible disc drive recorder. The keyboard provides an operator 
interface for inputs and control of the receiver. The time 
transfer results are displayed on tt» CRT and recorded on the 
flexible disc. 

Microprocessor 

The microprocessor controls hardware functions in the receiver, 
decodes the navigation message, and calculates the time transfer. 
Receiver tuning is provided during acquisition by taking frequency 
measurements of the VCXO, comparing these measurements to 
predicted values and outputting corrections to the control voltage 
through a digital- to-analog converter. 

The appropriate satellite C/A code is loaded into the code 
generator after being calculated \ising a linear feedback shift 
register algorithm implemented in the microprocessor. The code 
phase is also controlled by the microprocessor mtil a correlation 
or "code lock" is established in the RP subsystem. After signal 
acquisition, the microprocessor decodes the navigation data and 
ccranands pseudo-range measurements to be performed using the time 
interval counter to calculate the final time transfer result. 
This result is output to the CRT display and recorded on a 
flexible disc once every six seconds. 


TIME TRANSFER F TET.T) TEST 

The prototype GPS TTR was installed and tested at NASA's Merrit 
Island tracking site (MILA) at Kennedy Spaceflight Center, Fla. 
Figure 7 shows the horizon of the MILA facility and the portion of 
the orbit of NAVSTAR 5 in view at the MILA site. Figure 8 shows 
the orbits of all five NAVSTAR satellites along with approximate 
rise and set times for the period during which the tests were 
performed. Most of the data was taken during a se^ent of time 
when the satellites passed throu^ a high elevation angle (60° 
to 90°) with approximately the same azimuth. Figure 9 shows the 
segnents of each orbit where the data collection was concentrated. 

Figures 10 throu^ 14 present data collected frcm individual 
satellite passes which gives the difference between the MILA 
station ground clock and the GPS spacecraft clocks. On each graph 
a calculated time transfer is presented for an epoch close to the 
mid- time of the observed period. The RMS of a least squared data 
fit is also given. The RMS of any one pass varies from i 1 to 1 3 
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nanoseconds for a given satellite. Figure 15 is an extended track 
(two hour) of a MVSTAR 6 pass and also shows an MS of 13 
nanoseconds. NAVSTAR 1 has a quartz crystal oscillator, NAVSTAR 3 
and 4 have rubidium oscillators, while NAVSTAR 5 and 6 have cesium 
oscillators . 

Figure 16 summarizes the results relating the MILA clock to the 
USNO clock as determined through GPS, IXDRAN-G and portable clock 
measurements performed during the test. The GPS results are 
presented as single points which are the Average of the five 
satellite values. The bar over each point represents the range of 
the five values. The GPS results show peak-to-peak agreement of 
200 ns or less with the portable clock measurements which are 
considered to be truiii- Luring Phase I of the NAVSTAR GPS 
program, no attempt is being made to precisely synchronize the 
satellites. In Phase III of the program, it is planned to 
maintain satellite synchronization to within 100 nsec. 


Figures 17 through 20 present results using only the data taken 
from NAVSTAR 1 , which uses a crystal oscillator, and NAVSTAR 5, 
which uses a cesium oscillator. Figures 17 and 19 show the MILA 
station clock relative to GPS time as determined by the data from 
each satellite. Each point is the result of a linear least 
squares fit to approximately 20 minutes of data from an individual 
satellite pass. Vfhen another linear fit is performed on this 
day-to-day data, the res\ilts ^ow that the time transfers have an 
RMS of 25 nsec and 24 nsec for NAVSTAR 1 and NAVSTAR 5 
respectively. Figures 18 and 20 show the same satellite data 
referenced to USNO throu^ published differences of GPS time and 
USNO time as determined by a GPS receiver at the Naval 
Observatory. The time transfer results again show an MS of 25 
nsec and 24 nsec. This result is within the expected noise of a 
single cesium to which all the data is referenced at the MILA 
ground station. 

CONCLUSIONS 

Figure 21 presents a comparison of the resulting time transfer MS 
of all the GPS satellites during the test. When data is 
considered on a single satellite basis , the resialts always yield a 
time transfer with better than a 100 nsec accuracy. No 
ionospheric corrections have been made to obtain these results, 
and tests are planned in the future to deteimine how much error 
this contributes. Also, it was determined that the receiver has 
anall biases that are frequency dependent. Bnprovoments are being 
made in the receiver to account for these biases, and it is 
expected that follow-on tests will demonstrate even better 
accuracies . 
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POTURE ELANS 


Increased receiver performance and capabilities development is 
continuing based on results and operational feedback from field 
tests and on-going experiments. Extensive evaluation of the 
receiver is planned throng several additional field tests. A 
joint experiment is scheduled with the Jet Propulsion Laboratory 
(JEL) to evaluate ionospheric delay error. Co-location tests are 
planned to compare nanosecond accuracy VLBI data with GPS TTR 
data. The co-location tests will involve 'VliBI stations at NHL 
Maryland Point, Ifeystack/Westford Observatory, NASA Deep Space 
Network (DSN), Goldstone, CA., and NASA D®, Madrid, Spain. 
Future activities also include joint participation by GSPG, USNO, 
NBS, and NRl in the European Space Agency (ISA) SIRIO /LASSO time 
transfer experiment during 1982. This experiment will use a 
global baseline and will provide nanosecond accurate laser time 
transfers for comparison with the GPS time transfers. 

The first operational field test of the GPS TTR is scheduled in 
the second quarter of fiscal year (FY) 1.982 with the deployment of 
the NASA GSFC Transportable Laser Ranging System (TIRS; prototype 
to Easter Island. Four additional receivers are scheduled to be 
deployed with mobile laser systems later in FI 1982. 
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MOBLAS 



428 


Figure 



M0BLA5 5 VS. USNO JUL 1980 thru JUN 1981 
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Figure 




NASA-GSFC LASER TRACKING SITES 1980 - 1986 
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TENTATIVE LASER DEPLOYMENT SCHEDULE 
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Figure 16 
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